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ABSTRACT 
Lauren Shantel Goodman: Feasibility of New Methods for Nursery Ground 
Identification for The Juvenile Blacktip Shark (Carcharhinus Limbatus) Using Drone 
Technology - San Cristobal Island, Galapagos  
(Under the direction of Jaye Cable and Alex Hearn) 
 
Understanding abundance patterns of megafauna critical to conservation 
planning and nursery designation in the marine environment. Traditionally, 
abundance of juvenile sharks around San Cristobal, Ecuador has been measured 
through gill-net. New methods utilizing can contribute and expand upon the process 
of defining nursery habitat through deployment as a tool following Heupel, Carlson & 
Simpfendorfer’s (2007) definition stating necessity of higher density, residency, and 
fidelity. Monthly drone flights were performed in conjunction with gill-net surveys to 
compare efficacy of each method with ranked counts comparable across all sites (R 
= 0.54, p < 0.001) and disparities between methods indicating higher captured drone 
abundances. Preliminary models specify a correlation between captured drone 
abundances and environmental parameters, thus providing an indication of when 
and where we expect to find juvenile sharks. This new method has far-reaching 
conservation implications for the GMR, as we better capture population trends of an 
economically important species.   
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CHAPTER 1: INTRODUCTION 
  Recently, the use of commercially available unoccupied aerial vehicles 
(UAVs), also known as drones, has become a popular tool for abundance studies in 
conservation ecology. UAVs have proven highly useful as a research tool across 
many environments previously too remote or too dangerous to reliably survey (Joyce 
et al., 2018). Due to these benefits, UAVs have expanded to marine environment 
studies for a multitude of species. In the Galapagos Archipelago, temporally 
inundated mangrove fringed bays and other protected shallow coastal systems have 
been identified as important areas for juvenile sharks. While specific sites have been 
defined as nursery areas, others currently have insufficient data to classify them as 
having any recorded importance. While the use of UAVs in the Galapagos is not 
entirely new, no study has been published evaluating their efficacy in the marine 
environment nor researching juvenile shark densities. Thus, the potential for UAVs to 
capture these habitats without boat disturbance is high, leading to a more accurate 
depiction of juvenile shark abundance around the archipelago. 
1.1 Abundance studies – importance 
The relative representation of species within an environment, also known as 
relative abundance, has long been investigated in ecology. Abundance studies of 
fauna are a common part of marine wildlife research and the ability to estimate 
population sizes has significant policy, zoning and management implications in 
conservation science (Seymour et al., 2017; Arona et al., 2018). These studies are 
critical for understanding ecological communities and habitat roles as well as for 
  2 
defining essential habitats within ecosystems (Lancia et al., 2005; Heithaus, 2007). 
Additionally, understanding environmental drivers influencing abundance patterns of 
certain species is integral to conservation planning (Espinoza et al., 2014). And while 
some environmental variables, such as mangrove coverage and seasonality, are 
likely influential across a broad range of nursery grounds others are study site and 
species dependent (Manson et al., 2005; DeAngelis et al., 2008; Oh et al,. 2017).  
Traditionally, abundance studies often relied upon species counts through 
crewed flights, capture, mark, recapture studies, or counts data from other human 
managed surveys (Hodgson, Kelly & Peel, 2013; McMahon et al., 2014; Fiori et al., 
2017; Aniceto et al., 2018; Colefax, Butcher & Kelaher, 2018). More recently, the use 
of satellite data has become a popular alternative for estimating abundance of 
certain species (McMahon et al., 2014; Seymour et al., 2017; Arona et al., 2018). 
However, while these studies have been integral in dictating conservation 
management and understanding abundance and density patterns of fauna, more 
recent methods may prove better suited for certain habitats.  
Many of these traditional surveying methods are often expensive, dangerous, 
labor intensive, or too low in spatial and temporal resolution to accurately capture 
abundance of certain species (Gonzalez et al., 2016). These problems are 
particularly prevalent when assessing species in a marine environment. For smaller 
monitoring areas, occupied aerial surveys are cost prohibitive and thus must rely 
upon human surveying efforts (Seymour et al., 2017; Joyce et al., 2018). 
Additionally, human led surveys may not produce an accurate account of 
abundance. This may be due to the fact that capture, mark, recapture and other 
diver dependent surveys are disruptive, likely offsetting the normal patterns of 
species abundance (Rieucau et al. 2018) 
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Boat facilitated eyesight may simply overlook some of the target population 
without substantial counting manpower. This method of surveying may also cause a 
disturbance within the environment commonly known as the research boat presence 
bias (Guerra et al., 2014). Remotely sensed surveys with low spatial and temporal 
resolution may not be able to correctly enumerate smaller species and satellite data 
may be hindered by weather interference (Seymour et al., 2017; Arona et al. 2018). 
While these research tactics have considerably benefited conservation efforts and 
abundance surveys, there are multiple drawbacks with each that may deem them 
unsuitable for certain survey areas or timescales.  
Abundance sampling becomes particularly important when attempting to 
define discrete nursery habitats for juvenile marine species such as the shark. 
Mangrove bays and shallow nearshore environments have long been studied and 
recognized as potential nursery zones for a variety of marine species  (Beck et al., 
2001; Manson et al., 2005; Knip, Heupel, & Simpfendorfer, 2010; Sheaves et al., 
2017). Generally, this is because teleosts and invertebrates occur in these habitats 
at higher densities than many other surrounding locations. Additionally, spatial 
partitioning of juvenile and adult populations is common across many marine species 
utilizing these areas (Gillanders et al., 2003). These environments are often 
considered exceedingly important for juveniles due to their higher contribution to the 
adult cohort regardless of area of coverage and thus could potentially 
disproportionately contribute to that population (Dahlgren et al., 2006; Nagelkerken 
et al., 2015). While it is not completely understood exactly how each species benefits 
from these coastal environments, it is believed that juvenile site fidelity is linked to 
specific benefits received through a combination of predator avoidance, food 
  4 
abundance, and habitat complexity (Springer, 1967; Heupel & Hueter, 2002; 
Dahlgren et al., 2006; Heupel, Carlson & Simpfendorfer, 2007; Nagelkerken, 2009).  
Historically, abundance has played a large role in shaping how we define 
nursery areas in the marine environment. Broad scale characterizations of nursery 
habitat have become more specific and testable for both conservation and 
community ecology purposes while simultaneously reiterating the importance of 
abundance sampling within the methodology (Table 1). Consequently, how we 
define a nursery area is dependent upon the definition employed and the method for 
which juvenile abundance is sampled may influence what we deem as nursery 
habitat (Heupel, Carlson & Simpfendorfer, 2007). Furthermore, many genera may 
also utilize juvenile habitats that are not classified as nursery areas (Gillanders et al., 
2003).  
However, for shark species that do utilize these habitats, a standardized 
definition was previously defined to establish an area as a nursery. It states that in 
order to identify a nursery habitat, it must fulfill three criteria: i) sharks must be found 
within the area more than others, ii) sharks either remain in the range or return to the 
same area over long periods of time, and iii) the habitat is repeatedly used over 
multiple years (Heupel, Carlson & Simpfendorfer, 2007).  Additionally, it is often 
assumed that growth is likely enhanced or mortality reduced, though not explicitly 
measured for defining an area as a nursery (Heupel, Carlson & Simpfendorfer, 
2007). While multiple nursery definitions have been proposed over the years (Table 
1), this specific definition was chosen due to its ease of understanding and emphasis 
on nursery function. Furthermore, the nursery definition proposed by Heupel, 
Carlson & Simpfendorfer (2007) provides tangible applications towards conservation 
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management on a small budget and timeframe compared to a more recent definition 
promoting a seascape mosaic pattern of juvenile habitat (Nagelkerken et al. 2015).  
Table 1: Account of shark specific nursery definitions throughout literature, methods 
employed to measure area as nursery habitat, and relevant fit to research described 
in this paper. All definitions proceeding Springer, 1967 are created in conjunction 





* Springer, 1967 
Shallow waters segregated from adult population and 
free of predation by larger sharks where juvenile 
sharks remain until maturity. Provide protection 
through ample food sources and predation protection.  
Occurrence Y 
Bass, 1978 
Include primary nurseries, where actual birth of 
neonate sharks takes places and secondary nurseries 





Areas ranging from completely protected to very 
unprotected from adult shark populations where food is 





Shallow waters utilized by multiple species for juvenile 
rearing. Multiple nursery areas possible based on 
seasonal migration trends. 
Occurrence Y 
Beck et al., 2001 
Juveniles in nursery habitats contribute 
disproportionately more to adult population relative to 
non-nursery areas through either higher density, 
growth, survival, or population contribution  




Dahlgren et al., 
2006 
Effective juvenile habitat that contributes a greater 






Sharks are more commonly encountered in area, 
sharks remain or return to area for extended periods, 
area repeatedly used across years. 
Density, Residency, 




Multiple habitats functionally connected in a mosaic 
with a core area restrained by home range 
Contribution, Home 




* All following definitions build off Springer 1967 definition  
 
While previous research has begun the process of nursery defining and 
abundance measurements, very few studies have been published on the juvenile 
abundance of any type of juvenile shark in the Galapagos Marine Reserve (GMR) 
and all studies that have been conducted either utilized gill net survey techniques or 
observational boat studies (Llerena, Murillo & Espinoza, 2010; Ketchum et al., 2014). 
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Thus, a more extensive mapping of juvenile blacktip abundance around a singular 
island within the Galápagos would contribute greatly to future management plans. 
1.2 Blacktip Sharks – juveniles in the Galapagos    
This study attempts to assess the distribution, abundance, and density of 
juvenile blacktip shark, Carcharhinus limbatus, within potential nursery areas 
surrounding San Cristobal Island, Galapagos. We have chosen to focus on this 
particular species due to the availability of previous abundance survey information in 
scientific literature around the archipelago, though this is likely not the only species 
of juvenile sharks utilizing these areas as nursery grounds. This allows for 
comparison with previous works (Llerena et al., 2015).  By understanding the 
abundance of blacktip sharks in the GMR, population status and areas of 
importance, including nursery areas, for the targeted species can be established. 
This information is particularly important to the National Park Directorate, as they 
have an interest in monitoring essential shark habitats within the GMR (Llerena et 
al., 2015). 
Blacktip sharks are commonly found in tropical and subtropical waters around 
the world. While easily available studies of the blacktip shark can be found back to 
the early 1940s, intensive study off the east coast of the U.S. began with published 
research meant to understand age structure and growth estimates during the early 
1980s and 90s (Compagno, 1984; Branstetter, 1987; Castro & Beach, 1993; Castro, 
1996).   
The blacktip shark is characterized by a long-pointed snout, large pectoral 
fins, and a large first dorsal fin, followed by a smaller second dorsal fin. Most fins 
usually have black tips for both juveniles and adults (Compagno, 1984). Found both 
inshore and offshore, this shark is fastmoving and often seen swimming near the 
  7 
surface, especially during the juvenile life stage near the coast (Castro, 1996). 
Blacktips enjoy high salinity waters and are rarely found at depths greater than 30 
meters. They maintain a diet of small boney fish and sometimes the juveniles of 
other larger shark species (Compagno, 1984; Castro, 1996). Additionally, this shark 
is a common fisheries species – used for their hides, meat, or oils – although not 
legally fished in the Galapagos as they are a protected species (Compagno, 1984; 
Castro, 1996).  
Like all elasmobranchs, the blacktip shark is a relatively slow growth species 
(Killam & Parsons, 1989). The species is viviparous, often giving birth every two 
years. Females have a gestation period of approximately 12 months and generally 
give birth to a brood between 1 and 10 pups (Compagno, 1984; Capapé et al., 
2004). Juveniles are considered to be neonate for approximately 1 month (Castro, 
1996). The blacktip shark reaches full maturity between 5 and 8 years, with males 
maturing earlier (Compagno, 1984). Furthermore, this species is philopatric, as 
females commonly return to original nursery areas to give birth (Keeney et al., 2003, 
2005).  
The mortality rate of juvenile blacktip sharks was recorded off the eastern 
coast of the United States at 61% within their shallow nursery areas, though this rate 
is likely not indicative for the species as a whole (Heupel & Simpfendorfer, 2005; 
Mourier & Planes, 2013). Maximum size, age of maturity, and lengths at birth vary 
regionally for the blacktip shark and are thus not comparable across regions 
(Compagno, 1984; Branstetter, 1987; Castro, 1996).  
The blacktip shark is known to use shallow coastal bays and mangrove 
forests as nursery grounds for juveniles (Keeney et al., 2005). The bays generally 
host an elevated number of sharks, as globally we often see an enhanced shark 
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species richness moving  closer towards the equator at shallow depths less than 200 
meters (Espinoza et al. 2014). Other areas frequented by the blacktip shark include 
estuary mouths and high turbidity coastal habitats like those found near salt 
marshes.  
Previously, Llerena, Murillo & Espinoza (2010) found that coastal mangroves 
surrounding San Cristobal Island in the Galápagos Archipelago were serving as 
putative nurseries for juvenile Carcharhinus limbatus. In particular, areas 
characterized by the presence of red mangrove forests (Rhizophoa mangle) located 
around the island are likely used by many juvenile sharks and multiple other species 
as nursery areas. The red mangrove is particularly important due to the species 
being most commonly associated with an extensive prop root matrix within the water 
column. This analysis was later expanded to multiple islands within the Galápagos 
through a combination of seasonal systematic, continuous, and random monitoring 
programs (Llerena et al., 2015).  Zones were determined as either nursery areas or 
potential nursery areas as defined by Heupel, Carlson & Simpfendorfer (2007).  
These areas are particularly important as blacktip shark habitats because the 
combined effects of multiple diverse juvenile habitats through environmental and 
habitat heterogeneity may increase the resilience of adult populations through 
portfolio effect (Yates et al. 2012). This effect states that ecosystem diversification 
will minimize the outcomes of environmental stochasticity on a particular population. 
It is also possible that areas of high juvenile density contribute disproportionately per 
unit-area to the adult populations of blacktip sharks in the GMR (Beck et al., 2001). 
While previous data of sites around San Cristóbal Island indicated the presence of 
juvenile blacktip sharks, Simpfendorfer & Milward (1993) specified that in general, 
potential nursery areas may be utilized by multiple different species (Paredes-
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Chiriboga, 2018). This has significant implications for other shark species in the 
GMR, such as the endangered scalloped hammerhead (Sphyrna lewini), whose 
juveniles may also be utilizing these areas (Acuña-Marrero et al. 2018).  
1.3 UAVs – use and capabilities  
Recently, abundance studies have advanced through the use of UAVs, more 
commonly known as drones. In this paper, both terms will be used interchangeably. 
While historically UAVs have been associated with militarized activity, the expansion 
of the consumer drone market has allowed for increased use in conservation science 
(Fiori et al., 2017). Additionally, the growing availability of multirotor, fixed-wing, and 
transitional vertical take-off and landing (VTOL) UAVs has expanded the potential for 
both large- and small-scale terrestrial and marine wildlife studies (Rees et al., 2018).  
Multirotor drones are particularly useful for small area marine surveys, as they 
can be launched and landed from small spaces such as a boat (Colefax, Butcher & 
Kelaher, 2018; Johnston, 2019). Generally speaking, small scale surveys 
encompass a short range of less than 1.5 km and are often dominated by the 
multirotor drone market (Rees et al., 2018). Additionally, they are more stable than 
fixed-wing drones, allowing for better capture and quality of video and picture with 
smaller pixel sizes (Fiori et al., 2017; Colefax, Butcher & Kelaher, 2018; Joyce et al., 
2018). These drones increasingly come with high resolution cameras and 
multispectral or thermal sensors (Seymour et al., 2017; Johnston, 2019). High 
resolution images at a near vertical angle of a survey area can also effectively 
eliminate the need for perception bias correctors, which have often been necessary 
in traditional methods of abundance surveying (Sykora-Bodie et al., 2017).  
Due to the relatively low cost of UAV equipment for smaller studies, this 
technology has great potential to decrease the costs and time commitment 
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previously associated with population, abundance, and density studies of wildlife 
(Hodgson et al., 2016; Aniceto et al., 2018; Colefax, Butcher & Kelaher, 2018; Joyce 
et al., 2018). For this reason, marine megafauna surveys and conservation planning 
using drone technology has amplified within the past decade (Goebel et al., 2015; 
Linchant et al., 2015; J. C. Hodgson et al., 2016; Arona et al. 2018) 
UAVs have become particularly useful in coastal habitats where waters are 
oligotrophic and the seafloor is shallow, though they are still prone to limitations 
caused by sea state conditions (Aniceto et al., 2018). Drones are believed to be 
relatively unobtrusive and less disruptive compared to more traditional methods, 
especially when studying primarily marine species (Kiszka et al., 2016; Fiori et al., 
2017; Aniceto et al., 2018). Because UAV flights are spatially explicit, surveys are 
easily replicable and provide photographic evidence of species presence (Bicknell et 
al., 2016; Aniceto et al., 2018; Joyce et al., 2018). This cannot be said about many of 
the previous measures of population survey work. Furthermore, this technology has 
been useful in areas where weather patterns are often unpredictable, allowing for 
greater flexibility of study duration and timing than traditional methods (Joyce et al., 
2018; Johnston, 2019).  
UAVs have now been used in a wide range of marine studies from dugongs  
(Hodgson, Kelly & Peel, 2013) and turtles (Rees et al., 2018) to multiple different 
species of whales (Durban et al., 2015, 2016; Christiansen et al., 2016, 2018). The 
use of UAV technology to asses marine megafauna in small coastal areas has also 
expanded to multiple species of sharks (Kessel et al., 2013; Kiszka et al., 2016; 
Rieucau et al., 2018).  Many of these studies have shown potential for the use of 
UAVs in abundance studies over traditional options, though few have explicitly 
compared drone surveys to another method (Johnston et al., 2017; Colefax, Butcher 
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& Kelaher, 2018). As the UAV market continues to grow and technology advances, 
the use of drones for repeatable scientific surveys of marine fauna will likely become 
a preferred method of study for a multitude of marine environments.  
The presence of these potential coastal nursery zones around San Cristobal 
Island, Galapagos makes these areas a prime region for preliminary UAV 
abundance studies of juvenile blacktip sharks and marine megafauna. Coastal 
waters around the island are often non-turbid and mangrove habitats are buffered 
from wave action within semi-enclosed bays. These areas can potentially be labeled 
as essential fish habitats,, which are defined as zones used for breeding, spawning, 
feeding, or growth (Heithaus, 2007). Abundance within these coastal habitats have 
significant implications, as very few studies have attempted to describe shark 
densities in these areas (Acuña-Marrero et al., 2018). Additionally, shark abundance 
within specific coastal zones has important implications for marine park zoning in 
general (Espinoza et al., 2014). 
Recently, an increase in global shark tourism has necessitated larger focus on 
their conservation and management (Acuña-Marrero et al., 2018). Because 65% of 
the Galápagos tourism industry is dependent on marine tourism (Epler, 2007) it is in 
the best interest of the National Park Directorate to more effectively monitor and 
protect these zones (Taylor, Hardner & Stewart, 2009). Moreover, the Galápagos 
has instated full legal protection of sharks within the GMR (Zárate, 2002). The use of 
drone surveys for abundance measurements may better capture areas that need 
additional attention and more thoroughly investigate current coastal nursery areas 
within the GMR compared to traditional techniques such as capture, mark, recapture 
(Llerena, Murillo & Espinoza, 2010). 
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1.4 Statement of problem 
 Although the use of drones for conservation studies on marine megafauna 
has steadily increased, its relevance and effect has yet to be tested within the 
confines of the GMR. Little is known about the ability of drones to detect marine 
megafauna in the coastal waters of San Cristobal Island, and more specifically 
detect juvenile blacktip sharks. Additionally, very little research has been conducted 
comparing traditional abundance surveying methods to the use of UAVs (Johnston et 
al., 2017; Colefax, Butcher & Kelaher, 2018). It is likely that multiple factors affect the 
accurate estimate of coastal juvenile shark habitat and nursery grounds, though 
these factors have not been adequately tested. While the use of drones in other 
studies has proven useful for studying coastal habitats of many marine animals 
(Hodgson, Kelly & Peel, 2013; Durban et al., 2015; Kiszka et al., 2016; Rieucau et 
al., 2018), their practicality needs to be tested within the Galápagos as a potential 
tool for long-term coastal habitat survey use. Additionally, research on the 
disturbance potential of drone related surveys is lacking and was not tested in this 
research, especially for underwater species, though it is thought to be likely 
negligible for species underwater (Mulero-Pázmány et al., 2017; Arona et al., 2018). 
This research includes two objectives addressing the use of drones and 
juvenile shark abundance, which can then be broken down into 4 testable questions: 
Assess the methodological factors that control accurate abundance estimates 
of coastal juvenile shark habitat and nursery grounds 
1. Can the use of consumer grade drones adequately capture possible shark 
nursery areas in comparison to conventional methods of abundance 
surveying and is the new technique more efficient than traditional methods? 
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2. Can we begin to delimit putative nursery areas that conform to Heupel, 
Carlson & Simpfendorfer’s (2007) first and second criteria? - sharks must be 
found within the target area more than other areas and they tend to remain or 
return for extended periods. 
3. How do abundance trends in reference to nursery ground classification from 
this research compare to previous attempts to define nursery areas? 
Determine environmental factors influencing juvenile shark abundance between 
and within targeted sites. 
4. What environmental parameters are most important to increased perceived 
shark abundance around San Cristobal Island, Galapagos in preliminary 
studies? 
The use of drones for marine megafauna surveying in the GMR has great 
potential to create a relatively inexpensive way to more frequently study certain 
coastal areas. Drone surveys thus have the potential to track multiyear abundance of 
juvenile blacktip sharks (Carcharhinus limbatus) and aid in defining certain coastal 
areas around San Cristobal Island as potential nursery grounds as defined by 
Heupel, Carlson & Simpfendorfer (2007) in addition to decreasing bias in abundance 
sampling. The blacktip shark has been chosen because of previous work indicating 
the presence of potential nursery areas around San Cristóbal Island (Llerena, Murillo 
& Espinoza, 2010; Llerena et al., 2015; Prades-Chiriboga, 2018). By contributing to 
regular monthly surveys, specific coastal areas with higher juvenile blacktip shark 
densities could possibly be defined as nursery areas and/or established as essential 
shark habitat for further protection by the Galápagos National Park Directorate.   
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CHAPTER 2: RESEARCH 
2.1 Study area 
 The Galápagos Archipelago, under the jurisdiction of the Ecuadorian 
government, consists of 13 islands and multiple islets (Miller et al., 2010). These 
islands straddle the equator in the Eastern Tropical Pacific and are encompassed by 
the GMR – an area of protected water approximately 133,000 sq. kilometers in size.  
The archipelago is considered part of the Eastern Tropical Pacific Marine 
Corridor (CMAR), connecting Ecuador and the Galápagos Islands with multiple 
different islands, including Cocos off the coast of Costa Rica and Central America 
(Bessudo et al., 2011). The GMR records a large number of highly migratory marine 
species within its waters at all times. Protected zones within the marine reserve 
include limited artisanal fishing management zones, tourism zones, and “no-take” 
conservation zones.  
The islands are located in an area of high volcanic activity, situated on the 
Galápagos mantle plume (Hoernie et al., 2000). The older easternmost islands are 
no longer active while only 2 of the islands in the western archipelago are 
volcanically active. This activity has created an aridity gradient on the islands with 
the least arid islands located within the easternmost part of the archipelago.  
The climate is broken into two separate periods; a warm season from 
December to May (air temperatures from 27 – 32 C) and a cool season from June 
to November (air temperatures from 21 – 27 C). The water temperature consistently 
fluctuates between 17 and 26 C as the archipelago sits on the cold-water Humboldt 
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current, a Cromwell counter-current, and the Equatorial Front. The Cromwell current 
is particularly important in the Galapagos because it causes upwelling along the 
western margins of some of the islands (in particular the western region), which is 
not commonly seen in the equatorial Pacific. Because of this geographic variability, 
there are multiple different coastal and pelagic habitats that have allowed for a 
diverse number of shark species in the GMR (Acuña-Marrero et al., 2018). 
Furthermore, this area is heavily affected by El Niño Southern Oscillation (ENSO) 
cycles (Vinueza et al., 2006).  
Many of the islands have mangrove fringed coastal bays or other shallow 
coastal environments. These areas are highly productive and may provide safety for 
juvenile sharks from predators (Llerena et al., 2015; Yates et al., 2015).  
San Cristobal has a calm northwestern side with many alcoves and mangrove 
lined coasts while the easternmost exposed side experiences cool and rough waters 
with a rockier shoreline. While mangrove forests are present on the eastern side of 
the island, they are found in fewer locations. Coastal mangrove forests around this 
island have been estimated to cover between 10.5 and 118.1 hectares (Rivas-Torres 
et al., 2018; Moity, Delgado, & Salinas-de-Leon, 2019). The tidal cycle around the 
island typically ranges 2 meters.  
Seven sites around the island of San Cristobal were chosen as survey areas 
for monitoring on a monthly basis, with special emphasis on 4 sites that had 
previously seen higher numbers of juvenile sharks in 2017 (Paredes-Chiriboga, 
2018). Five sites were located on the western side of San Cristobal, leaving 2 survey 
sites for the rougher eastern side. Of the 7 proposed sites, 3 have previously been 
labeled as nursery grounds or potential nursery grounds (Llerena, Murillo & 
Espinoza, 2010; Llerena et al., 2015): Puerto Grande, La Seca, and La Tortuga. No 
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site chosen exhibited the exact same characteristics, though all sites either included 
mangrove forest or were within partially protected bays around the island. All sites 
were situated within zones classified for extractive use by the Galapagos National 
Park (Llerena et al., 2015). 
Fig. 1: Map of the lower Galapagos Archipelago, not including the northern islands 
of Darwin and Wolf. Focus on San Cristóbal Island and the 7 monthly survey sites 
indicated by black stars. Random sites labeled in map legend and were visited twice; 
in April 2019 and July 2019. 
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Rosa Blanca 1 (RB1) is a mangrove-
fringed bay consisting primarily of a silty sand 
bottom. This site is located centrally on the 
eastern side of San Cristobal Island (-
0.827966667, -89.35628333).  
Fig. 2: Google Earth image of Rosa Blanca 1 
study site with visible mangrove forest and 
small sandy beach. Image taken 24/11/2014 
by digitalGlobe. 
 
While this particular site is not specifically 
visited by tourists, it is located near one of the 
more popular snorkeling sites around the island. On the southern edge of this bay is 
a small sandy beach and directly across sits approximately 200 meters of red 
mangrove forest that is partially inundated during mid- and hightide. A small rocky 
center is found at the entrance into the bay. The study area includes all coastline 
starting from the entrance into the bay with particular focus on the 200-meter strip of 
mangrove forest. 
Rosa Blanca 2 (RB2) is a site similar to RB1 with a more characteristically 
rocky bottom substrate. Like RB1, this site is 
located centrally on the eastern coast of San 
Cristobal Island (-0.8186917, -89.34694).  
Fig. 3: Google Earth Image of Rosa Blanca 2 
sites with visible mangrove forest and rocky 
coastline. Image taken 24/11/2014 by 
digitalGlobe. 
 
The red mangrove forest in this area is smaller 
than RB1, but a mangrove lagoon is tucked 
behind the bay, not immediately obvious to the 
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observer. The small mangrove lagoon is characterized by a siltier sand bottom 
matrix in comparison to the rest of the bay. The mangrove forest is partially 
inundated. Very little sandy coastline is present at this site, instead being 
characterized by rocky shores in areas not covered by red mangrove. This site is 
located within sight of a landing beach used by tourist companies on the island, 
though it is not frequented by tourist. A small camping site can be found on land 
within a small crater that is utilized by local artisanal fishermen.  
La Tortuga (LT) is a small inlet within a rocky bay that consists of both white 
and red mangrove forest. Located on the northwestern side of San Cristobal Island, 
this area is either fully or partially inundated at 
all times (-0.717383333, -89.3884). The area 
surveyed at this site consists primarily of rocky 
bottom matrix with a section of sandy matrix at 
the rearmost area of the inlet. During low tide, 
this site is unreachable by boat.  
Fig. 4: Google Earth image of La Tortuga with 
visible mangrove forest. Image taken 
13/12/2007 by digitalGlobe.  
 
 This is the only survey site consisting solely of 
fringed mangrove coastline. This site is near another bay characterized by less 
mangrove forest where occasionally, juvenile blacktip sharks have been spotted. It is 
likely that there is movement between this inlet and the other bay, though how much 
is unknown. This site is the smallest monthly surveyed area and often home to 
multiples species of frigate birds (Frigata magnificens and Frigata minor), a 
scavenger found in tropical and subtropical oceans.  
 
  19 
Fig. 5: Google Earth image of Cerro Brujo site. 
Rocky coastline evident throughout large 
portion of lagoon. Image taken 30/03/2018 by 
CNES/Airbus 
 
Cerro Brujo (CB) is a small lagoon 
located within a larger bay, much like LT. CB is 
located on the northwestern side of San 
Cristóbal Island, slightly south of the 
compacted volcanic ash hill named “Cerro 
Brujo” (-0.7726, -89.4613). This site, while 
characterized by a small amount of red 
mangrove forest, has a larger amount of volcanic rock shoreline than any other site. 
The mangrove forest at CB is never inundated or only partially inundated for short 
periods of time each day. Despite large amounts of rocky shore, the bottom matrix is 
generally silty sand, with small volcanic rock deposits scattered within the lagoon. 
Water depth within the lagoon is almost always low, often cutting off access to this 
area and drying out another lagoon system behind it during low tide. Water at this 
sight tends to be extremely oligotrophic, with 
visibility to the bottom matrix during any tidal 
stage. This site was chosen as a control. 
Puerto Grande (PG) is by far the largest 
survey site, encompassing a rock fringed bay, 
large silty sand beach, and two small lagoons 
surrounded by red mangrove forest.  
Fig. 6: Google Earth image of Puerto Grande. 
Large sandy beach evident on left-hand side of 
bay with two small lagoons in upper left corner. 
Image taken 30/03/2018 by CNES/Airbus. 
  20 
This site is located centrally on the western side of San Cristobal Island (-
0.804716667, -89.47366667). Near the beach, the bottom matrix consists of 
primarily silty sand and leftover silt in areas where red mangrove previously stood 
but was washed out during a tsunami event. Entrances to the two small lagoons 
have a bottom matrix consisting of approximately 50% rocks and 50% sand. The 
opening of this bay is characterized by deep waters and rocky reefs. Water turbidity 
at this site is often very high, especially during low tide. This site is a known juvenile 
shark nursery for multiple species as well as a popular tourist spot, with large tourist 
boats visiting everyday between the hours or 09:00 and 16:00. This site is also 
frequented by local families.  
 La Seca (LS) is another site located on the western side of San Cristobal 
Island (-0.821816667, -89.52186667). Just south of PG, this site is also considered a 
known nursery ground for juvenile blacktip sharks. There is likely an undetermined 
amount of connectivity between these two sites. LS is characterized by a large bay 
area with one small lagoon of red mangrove forest. The small lagoon is the site of 
interest. The bottom matrix is almost completely rocky with silty sand found only near 
a smaller sandy beach before the target site 
and within the mangrove forest lined lagoon. 
The mangrove lagoon is closed off by large 
rocks during low tide. Visibility at this site is 
considerably more difficult due to turbid waters 
from mangrove debris and a dark bottom 
matrix that often absorbs light.   
Fig. 7: Google Earth image of La Seca bay 
with small mangrove lagoon. Image taken 
01/03/2011 by digitalGlobe.  
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Manglecito (MC) is a monthly site nearest 
to port on the central-western side of San 
Cristobal (-0.830733333, -89.53925). This site 
features rocky coastline with a small sandy 
beach often visited by tourists.  
Fig. 8: Google Earth Image of Manglecito. Two 
smaller bay alcoves separated by a natural 
volcanic rock jetty are visible. Image taken 
05/05/2016 by CNES/Airbus. 
 
MC sits near to another survey site, LS, and is 
often considered part of LS by the local 
population despite their separation by a large 
jettison of land. This site and LS often get confused within scientific literature due to 
naming conventions. The bottom matrix consists of large volcanic rocks with a small 
sandy channel that runs in the middle of the bay. There is no coastal mangrove 
forest at this site and is reachable during all tidal states.  
In addition to the 7 monthly sites, drone surveys were conducted at a total of 7 
random sites in the months of April and July. These sites were chosen based on 
their similar coastal morphologies with monthly sites. By surveying expanses with 
similar coastal morphologies, we were able to narrow down the “other areas” 
referenced in Heupel, Carlson & Simpfendorfer’s (2007) first criterion to 
environments likely suitable for nursery presence.  Zero of these sites had been 
previously surveyed or linked to higher than average juvenile shark abundance. 
These flights are meant for comparative use to better understand densities in 
targeted and nontargeted sites. A single-track drone flight was done at each of these 
sites and environmental variables were measured. Net surveys were not done due to 
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lack of preliminary shark data in these bays, time constraints, or restrictive 
environmental conditions. 
Puerto Chino is a sandy bottom bay that 
is frequented by tourists and locals (-0.926625, 
-89.42843).  
Fig. 9: Google Earth image of Puerto Chino 
tourist beach. Image taken 30/03/2018 by 
CNES/Airbus. 
 
Situated on the southeastern side of the island, 
this area experiences rougher waters and small 
waves that break on a rocky reef at the 
entrance of the bay. The area is relatively small 
compared to the 7 monthly survey sites and more exposed to the ocean. There is no 
mangrove fringed bay at this site.  
Montones de Arena is a rocky bottom bay with a small mangrove-lined lagoon 
on the southeastern side of San Cristobal (-
0.8585806, -89.37025). This bay is largely 
open with increased wave action during rising 
tide. While the coastline is principally rocky, 
there is one area with a large ‘mountain’ of silty 
sand.  
Fig. 10: Google Earth image of Montones de 
Arena rocky bay. Image taken 24/11/2014 by 
DigitalGlobe. 
 
Three rocky islets make it difficult to enter the 
bay during low tide, but are completely 
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inundated during high tide. Local fishermen have sometimes reported seeing juvenile 
sharks at this location. 
The tourist site at Rosa Blanca is a large lagoon with majority rocky coastline 
(-0.82615, -89.35213). This site is located directly between RB1 and RB2. A small 
section of mangrove fringed coast is partially 
inundated, but consistently filled with plastic 
debris.  
Fig. 11: Google Earth image of Rosa Blanca 
Tourist Site between RB1 and RB2. Image 
taken 24/11/2014 by DigitalGlobe. 
 
This area is highly frequented by tourist 
snorkeling groups, with at least 1 tourist crowd 
arrival per day, 7 days a week. The bottom 
matrix is variable consisting of approximately 
50% sandy bottom and 50% lava rock. Juvenile blacktip sharks have been 
previously spotted at this location in low numbers. This site is popular for whitetip 
reef sharks (Triaenodon obesus) who use a small cave for resting.  
Posas de Sal is located on the northern 
tip of San Cristobal Island (-0.703, -89.27345). 
This site features a majority rocky coastline with 
small sandy beaches between rocky inlets. The 
bottom matrix is principally rocky, with small 
patches of sand near each beach.  
Fig. 12: Google Earth image of Posas de Sal 
random site. Image taken 19/05/2012 by 
DigitalGlobe. 
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T bay does not have any inundated mangrove during any tidal cycle. This bay is less 
protected from the open ocean than many monthly survey sites, but does not receive 
large amounts of wave action due to its gradually sloped sandy bottom and location 
on the western side of the island.  
Galapaguera Naturaleza (-0.69462, -
89.30173) is located on the northwestern side 
of San Cristobal Island. The coastline consists 
of a small sandy beach in a semi-enclosed 
bay. The bottom matrix consists of silty sand. 
This bay is close to the survey site Posas de 
Sal.  
Fig. 13: Google Earth Image of Galapaguera 
Naturaleza. Image taken 24/11/2014 by 
DigitalGlobe. 
 
No mangrove forested coastline is found at this area, though a different species of 
mangrove can be seen farther back from the beach. This is likely black mangrove 
(Avicennia nitida), a species that is never inundated in seawater. Due to its position 
on the western side of the island, the water is 
calmer at this location, though still prone to 
waves during increasing tidal height. 
 Silbido del Diablo is a small enclosed 
rocky bay facing MC (-0.84757, -89.55067). It is 
possible to see MC from the beach at this site.  
Fig. 14: Google Earth Image of Silbido del 
Diablo. Image taken 27/03/2014 by 
CNES/Airbus. 
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This bay encompasses the smallest survey location out of all random and monthly 
sites. Like its coastline, the bottom matrix of this site consists of dark lava rock. Local 
fishermen have reported seeing small numbers of juvenile sharks at this location on 
occasion. Its proximity to Manglecito and La Seca may explain these occurrences.  
Playa Ochoa is the closest random survey site to the Baquerizo Port on San 
Cristobal (-0.8635, -89.57137). Located on the 
southwestern side of the island, this site is 
frequented by tourists either on a 360 tour of 
the island or diving and snorkeling at Kicker 
Rock.  
Fig. 15: Google Earth Image of Playa Ochoa 
tourist beach. Image taken 30/03/2018 by 
CNES/Airbus.  
 
This site includes a small sandy beach 
enclosed inside a rocky bay. This area does 
not experience large amounts of wave action. The bottom matrix is similar to the 
sand found on the beach and lightly sloped, leading to a generally shallow bay with 
clear waters. 
These 7 extra sites were added in an attempt to survey areas previously not 
researched. While it is not expected that sharks would be found in these areas, their 
environmental conditions may mirror some of the other monthly sites.   
2.2 Materials & methods – Field 
Monthly drone surveys were conducted at 7 shallow coastal bays around San 
Cristobal Island, Galapagos from November 2018 to July of 2019. Of the 7 sites, 3 
were previously labeled nursery areas or potential nursery areas (Llerena, Murillo & 
Espinoza, 2010; Llerena et al., 2015). Because the mere presence of juvenile sharks 
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is not sufficient enough to define an area as nursery ground, field work was 
conducted in areas not known for juvenile shark presence as well as suspected 
juvenile habitats. This was done to effectively answer criterion 1 of Heupel, Carlson, 
& Simpfendorfer’s (2007) nursery definition (Heupel et al., 2018).  
While the use of drones for recreation is not permitted in the Galapagos 
Archipelago, research permits were obtained for all investigation related drone 
surveys (scientific investigation permit: N° PC-24-18 & N° PC-13-19). Monthly 
surveys were conducted over two days in order to maximize surveying time in the 
early morning (0600 to 1000). This time was chosen in order to minimize sun glitter 
and glare in drone footage and to coincide with what we believe is the most active 
time of day for juvenile sharks due to their diel feeding pattern that preferences dawn 
or dusk (Bush, 2003; Barry et al., 2008). Surveys began early mornings and often 
lasted until midafternoon (0600 to 1530). All surveys took place from a small 
speedboat owned by a local fisherman and were conducted over 2 consecutive 
days. 
The Phantom 4 Pro+ (DJI) with screen integrated RC equipped with a 20-
megapixel camera and 4K 60P video recording capabilities was used for all surveys. 
The camera is situated on a gimbal allowing for smooth multi-angle views of survey 
areas. Flight time approaches approximately 30 minutes for each fully charged 
intelligent flight battery. Video transmission supported two different frequencies, 
allowing for less interruption of live streamed video during flight and a flying range of 
approximately 7 kilometers with uninterrupted video transmission.  
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Fig. 16: Phantom 4 Pro+ with RC used for all surveys. 
 
All flights followed a spatially explicit pattern, allowing for replication of the 
same general design each month. The Phantom 4 Pro+ records flight patterns and 
positioning every 0.1 second, permitting retrieval and repeatability of the original 
flight. Exact flight paths could not be achieved due to RC type, which did not allow 
for third-party applications that include autonomous flight planners. The drone was 
consistently flown at an altitude of 20 meters following a line transect along the coast 
of each survey location (Fig. 17). Flights were randomized between sites each month 
allowing for comparison between and within sites in accordance with flight time. 
Drone flights generally encompassed a coastal transect between 500 and 2000 
meters in length, with the targeted area within the transect. The camera pointed 
nadir during the entirety of every survey to prevent image distortion and flight pattern 
was chosen in order to encompass the shallowest extents of each coastline. Areas 
were specifically targeted due to their shallow depth, which is likely used as a 
defense mechanism by juvenile sharks to keep out other larger predators (Heupel & 
Simpfendorfer, 2005).  
Previous attempts determined that flying at an altitude any higher than 20 
meters will likely obscure identification of juvenile sharks in multiple survey areas 
due to a combination of shark total length and environmental effects such as water 
turbidity and bottom substrate. Swathe width and length for drone imagery 
encompassed a maximum calculated area of 5472 pixels and an actual area of a 25 
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by 15-meter rectangle. Video was exclusively used for marine surveys, as still 
images could be pulled from the film using the VLC 2 video viewing and editing 
program when determined necessary.  
Variability of inundated mangrove area on a temporal scale made it 
impossible to effectively correct for juvenile shark densities within mangrove prop 
roots. Additionally, the ability for a juvenile shark to swim in and out of a mangrove 
covered area may lead to double counting in video, but this is unlikely due to an 
average speed of 4.5 m s⁄  for which all drone surveys were conducted.  This is a 
drawback that should be considered when calculating density values of each area in 
future surveys, though it has not been accounted for in previous surveying methods. 
This bias likely cannot be overcome without more extensive study of shark density 
within mangrove prop roots. Although, preliminary analysis of species composition 
within mangroves at multiple survey sites using GoPro cameras indicates that 
juvenile blacktip sharks likely solely utilize the edges of these fringed bays and are 




Fig. 17: Sample drone still shots of 7 monthly sites. Site indicated as: A) Rosa Blanca 2, B) Puerto Grande, C) Rosa Blanca 1, D) 
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At each site, measurements of survey start and end time, site GPS 
coordinates, water clarity, sea state on the Beaufort scale, chlorophyll-a composition, 
bottom composition, cloud cover, air temperature, and tidal state were measured. 
Percent moon illumination was also obtained as a proxy measurement for tidal state. 
The Castaway CTD, which measures GPS location, temperature, salinity, 
conductivity, density, sound and pressure, was deployed monthly at each location. 
Once biological and environmental sampling finished, a drone transect was flown 
along the coastline of each targeted bay. After each survey, all video recordings 
were immediately transferred to an external hard-drive for further analysis.  
For comparison at each survey site, gill-net capture studies of juvenile blacktip 
sharks were conducted. This was accomplished by setting a 100 x 3.5-meter gill-net 
for 1 hour and recording the number of sharks caught over this period. Two people 
were in the water at all times, snorkeling along the edges of the gill-net and removing 
sharks to be measured and marked on the boat. Snorkelers were used as a 
precautionary method to prevent juvenile sharks from being left within the gill-net for 
long periods of time. In addition to capture, each shark was measured, weighed, 
tagged, and a small amount of blood was taken before they were returned to the 
water. These surveys provided an estimated value of site-specific shark abundance 
through a catch per unit effort (CPUE) value as well as relative size and age 
population structure for each month. Gill-net surveys were temporally staggered with 
drone surveys in order to not bias video results with human disturbance in the water.  
Drone and gill-net surveys were conducted from November 2018 until August 
2019, with the exception of surveys in February. We were unable to survey all 7 sites 
each month due to environmental factors such as rain, high winds, or rough seas. A 
total of 44 surveys were conducted across all 7 monthly field sites.  
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An additional set of 7 random sites were surveyed twice during the months of 
April and July 2019. Surveys at these locations included only drone flights and 
measurement of environmental variables. Gill-net surveys were not conducted at 
these sites due to multiple factors including time constraints, sea state, and lack of 
previous catch data. Two of the seven monthly sites, Manglecito and Rosa Blanca 2, 
had never been studied in previous research and Rosa Blanca 1 had only been 
studied once in previous published works (Llerena et al., 2015). Of the fourteen total 
sites, only two of them had previously been definitively classified as nursery ground 
for juvenile blacktip sharks. Surveys of these two sites in this research attempted to 
reaffirm previous classifications.  These sites were used as an additional factor 
testing density values of juvenile sharks near target habitats in order to fulfil Heupel, 
Carlson & Simpfendorfer’s (2007) nursery definition criterion 1. Density values of 
juvenile sharks in the 7 random sites were expected to be lower than average 
density values across all sites. 
2.3 Materials & methods – Lab: 
 Representative images of blacktip shark densities were captured from the 
video transects, though not used for abundance counts. Shark abundance (total 
number of sharks) and density (
sharks
km2
) from drone surveys were calculated right after 
field surveys concluded for that month. A count and density value were found per 
site for each month. Final number of sharks at each surveyed location was an 
averaged value of 3 independent counts (n = 3) for each month (Sykora-Bodie et al., 
2017). This average was subsequently utilized in descriptive statistics calculations, 
but not complex models unless otherwise stated.  
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Fig. 18: Example image capture from drone footage displaying aggregation of 
juvenile blacktip sharks (Carcharhinus limbatus) in La Seca. 
 
Species and age stages (e.g. juvenile or adult) were noted during footage 
analysis in addition to abundance and density values (Fig. 19). Each independent 
counter was briefed on characteristics of expected sharks encountered per survey 
site. Differences between juvenile scalloped hammerhead and blacktip sharks were 
readily apparent for each independent counter. Additionally, adult sharks were 
obvious compared to their juvenile counterparts. Adult blacktip and whitetip reef 
sharks were the most difficult to determine species differences, though not 
impossible. Adult whitetip reef sharks were almost exclusively considered bottom 
dwellers in small social groups while adult blacktips were often found in solitary 
movement. Rostrum shape and fin tip coloration also allowed for differentiation 
between adult blacktip and whitetip reef sharks in all survey locations. 
ArcGIS Pro 2.4.2 (ESRI) was used to calculate the total area covered at each 
survey site by using GPS points from each flight log and applying a buffer 
representing the focal width of the Phantom 4 Pro camera at 20 meters height. This 
value was then used to calculate shark density. Additionally, this program was 
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utilized to create non-parametric probability density functions that were visualized 
through kernel density maps. Total population density across all months was 
grouped for kernel density to determine area of highest abundance within each site.    
Water clarity was measured as the difference between secchi disk turbidity 
measurements and total depth obtained from CTD casts. This measurement was 
given the name clarity coefficient and contained a range of values between 0 and 1. 
To address visibility bias, the combined effects of perception and availability bias, 
videos were analyzed to measure percent sun glitter and glare through 
representative images. The value was then converted to an average percent area 
not obscured in survey. This process was meant to address the presence of 
availability bias in drone footage. While perception bias was estimated to be 
approaching zero due to the drone’s vertical vantage point over all surveyed areas 
and highly oligotrophic waters surrounding the Galapagos, the clarity coefficient was 
still kept as an environmental measurement. It was also presumed that perception 
bias may be affected by bottom matrix composition and contrast with juvenile shark, 
but we were unable to test this contribution to bias. Thus all changes to visibility bias 
were reflected through an availability correction factor (ACF) and a clarity coefficient 
(Sykora-Bodie et al., 2017). The correction factor was calculated using the color 
threshold and particle analysis tools in the ImageJ software package (1.50i). 10 
random still images representative of a specific survey site video was used to 
calculate a high, low, and average ACF. Therefore, a minimum, maximum, and 
average density could be calculated based on the ACF.  
While ACF was calculated for each video, clarity coefficients were found to be 
at or above 0.75 during all surveys, indicating calculated abundance values 
approaching actual abundance due to high water transparency. This specified that all 
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sites around San Cristobal Island likely mirrored that of work completed by Kessel et 
al. (2013), with availability bias approaching a value of zero due to shallow depth, 
low turbidity, and small mangrove coverage. It is possible that the choice to utilize 
video instead of imagery for abundance sampling in these habitats decreased the 
level of significance that availability bias plays on an observer’s ability to effectively 
count juvenile blacktip sharks by allowing for the capture of movement within non-
static glare patches. Furthermore, as glare increases, we also expect to capture an 
increase in overhead light availability, which may positively affect our ability to 
capture juveniles (Benavides, Fodrie & Johnston, 2019). We also suggest that 
turbidity within a site is non-static, and thus not accurately measurable at all 
locations within the bay during flight. But, these two coefficients were still used in 
analysis to determine general trends of glare and clarity effect on abundance. 
Calculated abundances and densities of each site were compared to the 
abundances estimated from gill-net catches.  
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Fig. 19: Imagery depicting a juvenile scalloped hammerhead (A1.), juvenile blacktip 
shark (A2.), adult whitetip reef sharks (B.), and an adult blacktip shark (C.) as 
captured in drone footage. 
 
2.4 Materials & Methods – Statistical Analysis 
Viability of drone assessments as a tool for abundance surveying was 
examined through performance of statistical analysis in order of increasing levels of 
complexity. Descriptive statistics were first calculated and analyzed to describe the 
overall trend in abundance from both methods. This analysis included graphical 
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interpretation of trends. The descriptive indicators informed next steps for statistical 
comparison.  
The Pearson rank correlation was used to parallel collinearity between 
abundance estimates for both the drone method and gill-net CPUE values. This 
correlation ranks instances within each method then compares ranks across 
methods to inform on extent to which the abundance values were linearly related. 
When abundance values increased in one survey method, we expected to capture a 
similar value increase in the other, and vice-versa; this would indicate similar 
capabilities of capturing changes in seasonal abundance patterns. A perfect positive 
correlation would thus result in a Pearson coefficient value of 1. This method allowed 
for a relative comparison between survey types across all sites. Relative abundance 
was compared because while the drone method was able to capture an abundance 
within a specified area to produce density measurements, the gill-net CPUE was a 
static measurement and thus did not have a similar representative area, despite 
traditionally being interpreted as a density value.  
Next, direct counts were compared between both survey methods to 
determine drone capability to efficiently measure abundance values of juvenile 
sharks. The descriptive statistics examining abundance values across both methods 
included a value of percent difference between approaches. If drone abundance 
values were the same or higher than gill-net abundance values, the descriptive 
statistics would indicate a positive percent difference. If the majority of surveys 
demonstrated this positive percent difference, the drone survey method was 
determined as a more effective measure of abundance values in the present 
environment.   
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Due to a high number of zeros present in catch data, a more advanced 
method was chosen to analyze the relationship between catch method and 
abundance. Variability in the marine environment often causes a positively skewed 
dataset for teleost abundance which may insufficiently present trends, and thus lead 
us to an incorrect conclusion. A delta approach was used to mitigate the high 
number of zeros found in this positively skewed dataset (Serafy et al., 2007). This 
method uses abundance metrics of occurrence, concentration, and density to 
understand variation affected by a chosen level. In this case, the effect of method on 
abundance was measured. Two data sets were created: one indicating presence of 
a captured juvenile blacktip shark either through drone footage or 1-hour gill-net 
setting (occurrence), and another describing mean catch rate when present 
(concentration). The values were then multiplied together to get a delta-density index 
reflecting zero inflation. The delta-density index then informed us on method effect 
on abundance values. 
Another tested method of accounting for the zero-inflated data while including 
the effects of other parameters is through a Bayesian multilevel modeling approach. 
This method was tested examining the relationship between method and abundance. 
Using the R package brms (Bürkner, 2018) in R Studio (version 1.2.1335), a zero-
inflated negative binomial model was created to quantify difference between drone 
and gill-net surveys (Eq. 1-3). Significance of parameters was indicated by 
confidence intervals bounded away from zero. As the most complex technique used 
to compare method effect on abundance, this model analyzed the effect of multiple 
different variables on shark count in conjunction with survey type. This more complex 
method was tested despite the availability of simpler techniques so that interactions 
between parameters could be modelled as an effect on method choice.   
 
  38 
Zero inflation was modelled as a separate linear predictor of chosen 
parameters with a logit-link function. We compared the zero-inflated model to a 
similar model not accounting for the positively-skewed data inflation and ultimately 
found no significant differences, thus we continued subsequent analysis with the 
zero-inflated model.  
Averaged independent counts for drone footage abundance were not used in 
Bayesian statistics, and instead each count was included in the dataset as an 
independent value with an additional parameter indicating the counter. We included 
the random interaction between method and independent counter to address 
potential bias from under or overcounting caused by human error. The random effect 
of site location and the fixed effect of survey method were also included to account 
for variance caused by site choice when comparing between abundance 
methodologies (Table 2). Additionally, the fixed effect interaction between method 
and water clarity was tested in an attempt to model the effect of clarity on method 
choice. Level of fit was determined by examining parameter mixing across chains 
and R̂ values. Priors for all beta (𝛽) parameters were set to a Cauchy distribution 
with a mean value of 0 and scale of 2.5 (Cauchy (0,2.5)). The Cauchy distribution 
was determined to be a weakly informative prior best fit for logistic regression 
(Gelman et al., 2008). These priors were established to better localize beta 
parameter predictions while all other priors were pre-set by the brms package.  
𝑦 ~ 𝑍𝐼𝑁𝐵(𝜆, 𝜋, 𝛿)  
log(𝜆) =  𝛽0 + 𝑀𝑖 + 𝐿𝑗 + (𝑀𝐶)𝑖𝑗 + 𝑀𝐺𝑘 + 𝑊𝐶𝑙 + (𝑀𝑊𝐶)𝑖𝑙 + 
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Table 2: Sources of variation for the global zero-inflated negative binomial model in 
the study design. The abbreviation for each term was used to designate model 
parameters in the mixed models given in equations 1-3. Counter designated in 
model by unique identifier between 1 and 4. Time split into 3 unique bins 
representing periods from 05:30 – 09:00 (1), 09:01 – 12:00 (2), and 12:01 – 15:30 
(3). 
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Mangrove 
Water Clarity 
Method X Water Clarity 
Day of Year 
Moon Illumination 
Time 
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 Next, to address the first and second criteria of the nursery definition provided 
by Heupel Carlson & Simpfendorfer (2007), we calculated the average monthly 
abundance of juvenile sharks across all sites. This average was then compared to 
the averaged drone count value (n = 3) at each monthly survey site (Heupel, Carlson 
& Simpfendorfer, 2007). In order to properly answer the first criterion, areas that 
were considered juvenile habitats had to be compared to areas not considered 
juvenile habitats. This was accomplished by comparing 6 of the 7 monthly survey 
sites to Cerro Brujo, a single monthly site not considered a nursery area for blacktip 
sharks. Furthermore, all random sites were surveyed as non-juvenile habitats and 
included in the average monthly abundance value. Consistent patterns of counts 
near or above the average abundance would be used as indicators of juvenile shark 
residency.  Because the nursery definition did not suggest a quantity for which an 
area must be above the overall average, we then postulated that sites that fall at or 
above the average abundance multiple times (≥ 3) satisfy both criteria.  
 
  40 
Once abundance survey method was chosen and site-specific satisfaction of 
criteria 1 and 2 were measured, the effect of environmental parameters on drone 
driven relative abundance was studied. First, we investigated broad-scale 
environmental heterogeneity at all sites studied around San Cristobal Island, 
Galapagos. A Kruskal-Wallis rank sum test (R package stats; R Core Team, 2013) 
was computed to measure significant variation between pooled continuous 
environmental variables within each bay. If significant variations were found within a 
parameter, a multiple comparison test was performed (Yates et al., 2015).  
Generalized linear mixed models (GLMMs) were used to identify statistically 
significant environmental drivers of drone-predicted abundance and density. The 
global model structure incorporated a log-linked negative binomial GLMM using the 
lme4 package (Eq. 4-6). To avoid overfitting the data, we assumed variable 
independence and no interactions between factors. This precaution was taken due to 
the preliminary structure of the parameters and the lack of a robust environmental 
dataset. Boxplots were used to measure homogeneity of variance and identify 
outliers in independent variables but were not removed from the dataset unless 
sufficiently different from all other values. Adjusted R2 values were included to 
determine whether collinearity existed at the population level and principle 
component analysis (PCA) did not indicate any singular strong element affecting 
shark abundance. It was presumed that parameters effecting perceived count from 
the drone and habitat preference by juvenile sharks could be identified but not 
completely separated by the model. Speculations can be made as to which 
environmental variables more heavily effect perceived abundance versus habitat 









Table 3: Spatial variation of environmental variables. Data pooled across sampling sites. Values include mean ± SD. Multiple 




















𝑳⁄ ) Mangrove  
Bottom 
Matrix 
Cerro Brujo  2.0 ± 0.8 24.6 ± 2.4 34.2 ± 0.8 2.1 ± 0.7  0.96 ± 0.1  0.6 ± 0.7 Yes Sandy 
La Seca 1.7 ± 0.8 27.1 ± 1.9 34.2 ± 1.1 2.2 ± 1.2 0.92 ± 0.1 0.5 ± 0.3 Yes Rocky 
Rosa Blanca 1 1.6 ± 0.7 25.2 ± 2.0 33.9 ± 0.8 1.6 ± 1.2 0.94 ± 0.1 0.6 ± 0.3 Yes Sandy 
Rosa Blanca 2 2.0 ± 0.8 26.0 ± 1.5 34.1 ± 0.6 2.2 ± 0.7 0.96 ± 0.1 0.3 ± 0.2 Yes Rocky 
Puerto Grande 2.5 ± 1.7 24.7 ± 2.1 34.2 ± 0.9 2.6 ± 1.6 0.97 ± 0.1 1.2 ± 1.3 Yes Rocky 
La Tortuga 1.8 ± 0.6 25.7 ± 2.5 34.1 ± 0.8 2.1 ± 0.7 0.98 ± 0.0 0.4 ± 0.4 Yes Sandy 
Manglecito  3.3 ± 0.8 25.2 ± 2.2 34.4 ± 0.8 3.3 ± 0.6 0.92 ± 0.1 0.4 ± 0.3 No Rocky 
Montones De Arena 2.2 ± 0.3 24.5 ± 3.2 34.7 ± 0.1 1.8 ± 0.0 0.84 ± 0.1 0.3 ± 0.1 No Rocky 
Puerto Chino  4.8 ± 0.8 23.9 ± 2.6 34.6 ± 0.1 4.0 ± 0.9 0.82 ± 0.0 0.2 ± 0.1 No Sandy 
Rosa Blanca Tourist Site 2.2 ± 0.6 25.1 ± 3.3 34.6 ± 0.2 1.8 ± 0.5 0.81 ± 0.1 0.6 ± 0.5 Yes Rocky 
Posas De Sal 2.7 ± 0.0 24.2 ± 3.3 34.8 ± 0.2 2.3 ± 0.2 0.85 ± 0.1 0.3 ± 0.2 No Rocky 
Galapaguera 2.4 ± 1.1 24.5 ± 3.4 34.8 ± 0.2 2.3 ± 0.2  0.92 ± 0.1 0.8 ± 0.4 No Rocky 
Silbido Del Diablo  2.5 ± 0.0 25.8 ± 0.0 34.8 ± 0.0 1.8 ± 0.6 0.86 ± 0.0 0.7 ± 0.7 No Rocky 






In order to properly measure the effects on density values, an offset of log 
area was included into the model and was thus chosen for all further analysis.  
Additionally, numerical parameters were scaled or centered to better display variable 
effect within the final model. We performed this analysis in order to determine all 
significant factors explaining the variance within the model. Not all parameters 
measured were used in the model selection process. Instead, we selected variables 
thought to be of ecological significance based on previous familiarity with sites and 
abundance patterns. Site-specific models were not explored due to lack of robust 
data for a statistical approach.  
A singular global model acted as the starting point for which all possible 
models were tested off of. A corrected Akaike Information Criterion (AICc) value 
comparison using the dredge function in the MuMIn package allowed for model 
selection from the global model with best fit parameters. (v 1.43.6; Barton, 2019). 
This approach required omission of sample sets that were missing values. Numeric 
parameters had a scaled transformation applied to reduce all variables to a 
normalized range of values and effects of possible heterogeneity of variance (Zuur et 
al., 2010). A corrected AIC was used due to bias in traditional AIC values towards 
inclusion of more parameters when working with smaller datasets (Ward, 2008). 
Additionally, we did not believe the true model would be found within sampled 
models, thus making the Bayesian Information Criterion (BIC) an inappropriate 
choice for model fit analysis.  
The dredge function was subset to always include the random effect of 
location, the fixed effect of person (n=3), and a time parameter (day of year, day of 
year squared, or season) within all tested models. Removal of nested models was 
performed on those with similar AICc values (diff. AICc < 8) and resulting models 
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were averaged to obtain a single model. The averaged model was used in all 
subsequent visualization. Relative variable importance (RVI; the sum of AICc 
weights for each final parameter included in top models) was used to identify 
parameters having the largest effect on relative juvenile shark abundance (Yates et 
al., 2015). This model was meant to effectively capture the when and where aspect 
of juvenile shark abundance in the GMR.  
𝑦 ~ 𝑁𝑒𝑔𝐵𝑖𝑛𝑜𝑚(𝜇, 𝜃) 
𝑙𝑜𝑔𝑙𝑖𝑛𝑘: 𝑙𝑜𝑔𝜇(𝑦) =  𝛽0 + 𝛽1log (𝐴) 
 
log(𝜆) =  𝛽0 + 𝑀𝑖 + 𝐿𝑗 + 𝐶𝐿𝑘 + 𝐷𝑙 + 𝑆𝑚 + 𝑈𝐴𝑚 + 𝐷𝑛
2 + 𝐶𝑜 + 𝑇𝑝 +  
𝑜𝑓𝑓𝑠𝑒𝑡(log(𝐴𝑞)) +  𝑊𝑇𝑟 + 𝑃𝑠 + 𝐵𝑡 + 𝑀𝐼𝑢 + 𝑆𝑁𝑣  
We used a chi-squared test (𝜒2 test) to determine importance of bottom 
matrix composition on a site-specific level. This test was performed because we 
believed that a model would not accurately capture the complexity of bottom 
substrate due to a generalization of matrix composition for entire surveyed area. The 
previously defined matrix composition for each surveyed area was compared to the 
matrix composition found within a 1 m2 box surrounding each observed shark across 
all surveys. We took significant deviation from the expected value of the prevailing 
bottom substrate found across each monthly sight as an indication of substrate 
preference. 
Site specific maps depicting kernel density of juvenile blacktip shark 
assemblages were created to visualize preliminary aggregation patterns within 
microhabitats of targeted locations. We were also able to visualize bottom matrix 
preference from these maps, where we assumed areas where we observed highest 
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substrate. This would further bolster the argument that there may be sight specific 
bottom substrate preference among juvenile blacktip sharks. 
Table 4: Sources of variation for beginning global negative binomial model. Table 
includes remaining parameters found in best fit models after dredge performed over 
full model. The abbreviation for each term was used to designate model parameters 
in the mixed models given in equations 4-6. Unobstructed area a % value of video 
not covered by glare. Counter designated in model by unique identifier between 1 
and 3. Time split into 3 unique bins representing periods from 05:30 – 09:00 (1), 
09:01 – 12:00 (2), and 12:01 – 15:30 (3). Only density model used for resulting 
analysis. 
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Time 
*Log(Area)  
*Average Water Temp. 
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Of previous sites labeled as nursery or potential nursery areas, monthly data 
trends of shark density allowed for further determination of whether or not these sites 
can truly be labeled as such. One of the sites previously determined as a nursery 
area for blacktip sharks (Puerto Grande) was used as a comparison to other sites. 
Additionally, we determined whether previous published results on the existence of 
nursery grounds around the Island of San Cristobal did indeed meet all criteria 
defined by Heupel, Carlson & Simpfendorfer (2007). At all other sites, we were able 
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to determine whether further investigation in following years is necessary to better 
define nursery status.  
2.5 Results 
Average shark counts across all monthly sites revealed a seasonal pattern 
corresponding to a pupping period sometime in late February into early March for 
both methods of surveying. With the exception of one flight in November 2018 at La 
Seca, every drone survey produced either an equal or greater abundance value than 
corresponding gill-net captures. Visualized comparisons of abundance for each site 
and as an averaged value across all sites for each month indicated a strong 
deviation between survey method (Fig. 21).  
Table 5: Number of field days at each field location around San Cristobal Island from 
November 2018 to July 2019. Values in white boxes indicate sample days where 
both gill-net and drone surveys were conducted in tandem. Values in grey boxes 
indicate sample days where only drone surveys were conducted. 
Location # Sample Days Latitude Longitude 
Manglecito 6 -0.8307333 -89.53925 
La Seca 5 -0.8218167 -89.521867 
Puerto Grande 7 -0.8047167 -89.473667 
Cerro Brujo 6 -0.7726 -89.4613 
La Tortuga 5 -0.7173833 -89.3884 
Rosa Blanca 1 8 -0.8279667 -89.356283 
Rosa Blanca 2 7 -0.8186917 -89.34694 
    Total Sample Days:                   44   
Puerto Chino 2 -0.92665 -89.42912 
Montones de Arena 2 -0.8573 -89.37008 
Rosa Blanca Tourist Site 2 -0.82615 -89.35213 
Silbido del Diablo 1 -0.84757 -89.55067 
Posas de Sal   2 -0.703 -89.27345 
Galapaguera Naturaleza 2 -0.69462 -89.30173 
Playa Ochoa 1 -0.8635 -89.57137 
   Total Sample Days:                    12   
 
A Pearson’s correlation value was calculated from the overall monthly 
abundance trend across pooled sites (Fig. 21: H). The ranked comparison indicated 
a moderately strong positive correlation between methods (R = 0.53, p < 0.001). 
While trends in abundance patterns between method at each site differed, the 
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general trend captured indicated the collinearity. Thus, we found that an increase in 
relative abundance measured by one survey method generally corresponded to an 
increase in abundance from the additional method. We took this to mean that the two 
sampled methods were both capable of measuring abundance in terms of 
seasonality and were accordingly comparable. 
All monthly sites displayed a positive percent difference between captured 
abundance and method except for the control site (Table 6). This indicated that 
juvenile shark abundance values were not only different between each method, but 
that the drone method consistently provided a higher abundance value than the gill-
net alternative.   
 





Fig. 20: Count of juvenile blacktip sharks across Rosa Blanca 1 (A), Rosa Blanca 2 
(B), La Tortuga (C), Cerro Brujo (D), Puerto Grande (E), La Seca (F), Manglecito 
(G), and averaged across all sites (H). X axis represents date (mm-yy) and y axis 
represents count values (# sharks). Solid black line represents counts value 
performed by the drone. Dotted line represents counts value caught in the gill-net. 
Graph H displays peaks for both survey methods occurring in March, 2019 and low 
values for both methods occurring in December, 2018. The warm season 
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Table 6: Mean abundance value ± SD pooled across all months. Percent difference 
a measurement between method choice. Positive percent difference indicates a 
preference for drone method. 
Site Drone Avg. Net Avg. Drone Total Net Total % Difference 
Rosa Blanca 1 6.3 ± 5.6 2.3 ± 2.4 57 18 104% 
Rosa Blanca 2 2.7 ± 1.8 0.38 ± 1.1 19 3 145% 
La Tortuga 3.8 ± 2.9 0 ± 0 19 0 200% 
Puerto Grande 22.6 ± 35.6 2.7 ± 3.7 158 20 155% 
Manglecito 9.1 ± 10.4 0.3 ± 0.8 55 2 186% 
Cerro Brujo 0 ± 0 0 ± 0 0 0 0% 
La Seca 17.1 ± 22.4 1.9 ± 2.2 86 11 155% 
 
Visualization of abundance values across the 7 monthly sites captured 
seasonality of juvenile shark abundance in each survey method and indicated a 
strong underestimate in abundance sampling from gill-net catches (Fig. 21). This 
further indicated a preference for abundance surveying using the drone technique 
around San Cristobal Island. There was no incidence of juvenile blacktips in the 
control site, Cerro Brujo, while Puerto Grande experienced the highest abundance 
values from both methods during what we believed to be peak pupping season. 
Previous literature indicated these same trends (Llerena et al., 2015). 
Using the delta method, we were able to capture higher deviations in 
abundance values for sites that were either already labeled nursery grounds or those 
with likely potential to be labeled as such. In particular, four locations displayed high 
abundances from both methods as well as large disparities between surveying 
methods: Rosa Blanca 1, Puerto Grande, La Seca, and Manglecito (Fig. 20). Two 
other sites displayed disparities between methods, but delta density values were not 
as high. Across all sites, there was an obvious trend for higher abundance from 
drone facilitated surveys over gill-net captures. Drone surveys observed on average 
26 times more and up to approximately 49 times more juvenile sharks in a studied 
habitat than gill-net surveys.   
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Location 
Fig. 21: Occurrence, concentration, and delta densities of juvenile blacktip sharks 
across 7 monthly sites. All values are means (± SE). Grey triangles; gill-net 
captures. Black circles; drone survey footage. 
 
Our Bayesian approach to a zero-inflated negative binomial model again 
captured similar trends in terms of abundance measurements and survey method. 
Furthermore, ?̂? values indicated good fit and convergence of chains. The increased 
level of complexity from this analysis allowed us to capture the interaction between 
survey method and a centered value of water clarity. Confidence intervals of the net 
method only slightly bounded zero with a majority probability of negatively impacting 
abundance. This indicated a marginally significant impact on abundance with survey 
method choice, but this significance increased when considering the interaction 
between method and clarity (Table 7; Fig. 22). Additionally, an increase in water 
clarity often led to a predicted decrease in shark counts from the gill-net method. 
Influence of net on abundance values was not only negative, but the overall variance 
of values was more inconstant than that found using the drone method. Zero inflation 
of abundance values was more likely to occur using the gill-net, though this outcome 
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Fig. 22: Predicted abundance of juvenile blacktip shark as clarity increases for each 
sampling method. Clarity normalized to values encountered around the Island of San 
Cristobal. Margins or error included to identify areas of overlap of both methods. 
Variance indicated by shaded area, with overlap of variances of both methods the 
dark grey.  
 
Our comparisons of site-specific monthly abundance to an average monthly 
abundance identified four monthly sites that were at or above the average 
abundance value for multiple months, likely satisfying Heupel, Carlson & 
Simpfendorfer’s (2007) first and second criteria (Fig. 23). These four sites were 
highlighted in the delta method for having the largest density values utilizing either 
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method and additionally, the largest difference between densities obtained from both 
methods at each site (Fig. 21). Each of the four sites was at or above average 
monthly density at least three times during the survey period. Puerto Grande 
displayed the most obvious high abundance values over multiple months while Rosa 
Blanca 1 displayed lower but more consistent abundance patterns across survey 
entirety.  
Fig. 23: Count of juvenile blacktip sharks across all monthly sites – including 
constant – compared to the average abundance per month (indicated by black line). 
X axis represents date (month 2018 - 2019) and y axis represents count values (# 
sharks, n = 3). Solid black line represents average juvenile shark abundance for that 










Table 7: Abundance estimates with error and confidence intervals for group and population level effects. Significant parameters 
indicated by upper and lower confidence intervals not bounding zero. Zero inflated model parameters indicated by Zi. Scaled 
estimates, errors, and confidence intervals included for all numeric parameters.  Abbreviations for parameters found in Table 2.  
Group Level 
Effects: 
     
 Estimate Est. Error l-95% CI u-95% CI 
L 1.75 1.27 0.53 5.27 
    Zi 28.91 26.99 2.19 96.38 
MC 0.59 1.00 0.02 3.14 
    Zi 4.46 7.10 0.09 20.74 
Population Level 
Effects: 
      
 Intercept Zi Intercept MI M: Net WC MG: Y DOY AT (ºC) T: 2 T: 3 WC:M: Net Zi Net 
Estimate 5.59 -0.28 0.01 -1.80 4.68 0.82 -0.01 -0.13 -0.46 -0.32 -5.61 0.38 
Scaled - - 0.00 - 48.82 - - -1.38 - - - - 
Est. Error 3.06 2.34 0.00 0.93 1.50 2.23 0.00 0.07 0.31 0.31 3.14 5.28 
Scaled - - 0.00 - 9.90 - - 0.75 - - - - 
l-95% CI -5.29 -4.83 0.00 -3.19 1.75 -2.36 -0.01 -0.27 -1.07 -1.23 -12.01 -11.10 
Scaled - - 0.00 - 18.63 - - -2.87 - - - - 
u-95% CI 6.83 4.01 0.01 0.40 7.68 6.22 -0.01 0.01 0.14 0.60 0.01 11.06 






Kruskal-Wallace tests indicated no significant difference between pooled 
continuous variables at all sites (Table 3). Thus, no multiple comparison test was 
performed. Next, the most influential environmental drivers on abundance values 
were identified using the dredge function and resulted in the creation of 7 final 
models with a range of 8 to 11 parameters, with the highest weighted model included 
11 parameters (Table 8). We created a single averaged model incorporating all 
possible parameters found in the top 7 and conditional and unconditional means 
were calculated (Table 9; Eq. 7). When calculating unconditional means, values of 0 
were given to a parameter coefficient when not represented within a specific top 
model. All model parameters were included in the final averaged model, which may 
have less statistical power than the top model, but is also less likely to confound the 
effects of collinearity, if present. 
log(𝜆) =  𝛽0 + 𝑀𝑖 + 𝐿𝑗 + 𝐶𝐿𝑘 + 𝐷𝑙 + 𝑆𝑚 + 𝑈𝐴𝑚 +  𝐶𝑛 + 𝑇𝑜 + 
𝑜𝑓𝑓𝑠𝑒𝑡(log(𝐴𝑝)) 
We used relative variable importance (RVI) as a measurement of significance 
for each resulting parameter. Day of the year was the preference of all final models 
over the less descriptive variable of season. Clarity had the second highest RVI 
value while sea state had the lowest RVI value of included parameters (Fig. 24). 
Because person was included within all models regardless of importance, RVI values 
were ultimately left out of graphs and tables. Additionally, a separate analysis of 
person within each top model and averaged model found low levels of significance in 








Table 8: Comparison of best performing models for the juvenile blacktip shark. Each line includes the intercept and parameter 
coefficients for a single model. Along with parameter numbers (df), loglikelihood, AICc and BIC metrics, and model weight. R2 
values represent variance explained; Marginal considering only fixed effects, Conditional includes fixed and random. * Indicates 
parameter included in all models despite actual significance. All models contained area as an offset variable. AICc = Akaike 
Information Criterion correction, BIC = Bayesian Information Criterion, ∆AICc = increase in AICc relative to the lowest-AICc model, 
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-0.33 -0.75 -1.28 -0.38 -0.16 0.44 0.95 11 -320.83 665.5 697.2 0.00 0.513 
-3.70 - 0.43 
-
1.10 4.69 - -0.67 -0.93 -0.38 -0.16 0.43 0.95 10 -322.93 667.4 696.4 1.89 0.200 




- - - -0.36 -0.14 0.39 0.93 8 -325.51 668.0 691.4 2.50 0.147 




-0.32 -0.77 -1.40 -0.37 -0.16 0.11 0.94 10 -323.96 669.4 698.4 3.93 0.072 




- -0.70 -1.07 -0.38 -0.16 0.12 0.94 9 -325.91 671.1 697.3 5.56 0.032 




- - - -0.36 -0.15 0.12 0.93 8 -327.46 671.9 695.3 6.40 0.021 










Table 9: Averaged model parameters. Means ± SD. * Indicates parameter included 
in all models despite actual variable significance.  
 
Fig. 24: Relative importance of 
environmental variables. 
Parameters found within every 
model within the confidence 
set (i.e. models with ∆AIC < 8) 
have an RVI value of 1.0. % 
unobstructed representative of 
average % area not obscured 
by glare 
 
Marginal plots of 
variables with most significant 
effect on abundance when all 
other variables are set to a 
mean value indicated obvious 
differences in trends for areas 
with and without mangrove as 
well as at different times of day (Fig. 25). Interestingly, more glare seemed to 
increase the juvenile shark count expected. This indicates that despite the obscured 
area created by sun glitter and glare, the illumination provided by the sun seems to 
be more beneficial to shark identification. A substantial drop in juvenile blacktip 
C. limbatus    
Drone Density    
 Conditional Mean Unconditional Mean RVI  
Sea State -0.33 ± 0.30 -0.05 ± 0.06 0.021 
Clarity  0.42 ± 0.23 0.42 ± 0.23 1.000 
DOY -1.14 ± 0.33 -1.14 ± 0.33 1.000 
Mangrove 4.65 ± 4.27 1.93 ± 1.78  0.860 
Average Glare -0.33 ± 0.30 -0.10 ± 0.08  0.585 
TOD 2 -0.73 ± 0.61 -0.39 ± 0.33 0.817 
TOD 3 -1.20 ± 1.02 -0.71 ± 0.30 0.817 
*Person 2 -0.38 ± 0.45 -0.38 ± 0.45 1.000 
*Person 3 -0.16 ± 0.44 -0.16 ± 0.44 1.000 
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abundance is predicted as we continue later into the year. Additionally, higher values 
of clarity favor higher predicted abundances. For each of these parameters, the 
effect is most readily obvious during the early morning (0600 – 0900) at sites where 
mangrove coastline exists. This highlights the importance of time and place on 
abundance values of these juvenile sharks.  
Within site analysis was conducted to test the importance of small-scale 
habitat variability through preference of bottom substrate, as we were unable to 
capture any significant preference at the general site level. A separate chi-squared 
test (𝜒2 test) for bottom substrate preference indicated a significant inclination 
towards sandy areas over their rockier counterparts (N = 394, df = 1, p < 0.001). This 
indicates that juvenile blacktip sharks may either seek out shallow areas with sandy 
bottom substrate within any site deemed juvenile habitat, possibly use these areas 
as a defense mechanism, or our capability of identifying juvenile sharks is higher in 
areas with sandy substrate. Additionally, this allows for better survey targeting to 
specific micro-habitats within these larger juvenile grounds.  
 Preliminary home range maps were created using total abundance values 
and GPS shark locations per survey location (Fig. 26). Maps indicated specific 
aggregation areas within each surveyed site, with densities ranging from as large as 
the entire surveyed area – La Tortuga – to parts where abundance was concentrated 
within extents not easily accessible – Manglecito. These maps likely begin to capture 
movement corridors out of each surveyed area into deeper waters. This is 
particularly evident in Rosa Blanca 1, where maps depict overall shark densities 
concentrated in the back of the enclosed bay, but expanding outward and into the 
central bay entrance as tidal state lowers. Furthermore, kernel density maps further 
back up preliminary tests indicating bottom matrix preference by juvenile blacktip 
 
  57 

















Fig. 25: Marginal plots depicting the effect of the five parameters with highest RVI value on abundance when all other effects 
described at their mean variable value. Categorical variables depicted within each graph. Values along x- and y-axis increase 
moving to the right and toward the top of page respectively. Clarity value depicted in marginal plot centered around values present 
in surveyed environment. % unobstructed area a measure of area surveyed not affected by sun glitter and glare.  Observed points 
included.
Time 
0600 - 0900 
0900 - 1200 










Fig.26:: Maps depicting kernel density measurements of the juvenile blacktip shark across 6 monthly sites where at least 2 sharks 
were present in a month. Kernel density measured as a density value of all combined months. Increasing density indicated by a 
shift from light to dark purple. Sites (# visits, total sharks): A) Rosa Blanca 2 (7,19), B) Rosa Blanca 1 (8, 56), C) Puerto Grande (7, 
158.7), D) Manglecito (6, 56.7), E) La Tortuga (5, 19), F) La Seca (5, 85.6). Cerro Brujo not included for lack of juvenile blacktip 
sharks across all months surveyed. Drone flight paths indicated by white dotted line. All maps on the 1:5000 m scale with North 







 This paper evaluates how we measure abundance of juvenile shark 
populations and the factors affecting its precision in an attempt to identify the best 
practice method for the Galapagos. The perceived relative abundance of juvenile 
blacktip sharks around the island of San Cristobal was influenced by the method of 
surveying and environmental conditions experienced. While traditional methods of 
abundance were capable of determining sites of importance, we found that a new 
drone technique decreased undercounting bias of these abundance surveys. 
 Although surveying method noticeably influenced perceived abundance, the 
significance of physical and biological parameters was variable and more statistical 
power is necessary to determine all contributing factors. The importance and 
influence of a select group of environmental variables followed previous work 
indicating that shark abundance often varies along a coastal expanse (Froeschke et 
al., 2010; Nagelkerken et al., 2015; Yates et al., 2015; Heupel et al. 2018). As we 
move along the coastal gradient of San Cristobal, we expect to see incremental 
changes in environment that influence juvenile habitat preference. Yet, we were 
unable to determine a single defining characteristic across all sites influencing higher 
juvenile abundance, indicating that habitat choice through philopatry is likely a 
tradeoff between benefits and costs unique to each site. Environmental variables not 
measured during this research may also impact site selection. Additionally, we must 
recognize that defining these areas as essential nursery habitat for management 
purposes is highly dependent upon the definition used to measure these 
environments.  
 How we define a nursery habitat changes what areas are considered 
essential for juvenile shark growth. A description with easily definable processes is 
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necessary for both field studies and subsequent comparison with other literature. 
This necessity is what drove usage of the nursery definition provided by Heupel, 
Carlson, & Simpfendorfer (2007), as it provides easily testable measures to define a 
habitat and has been employed previously in this area. But, we must also recognize 
that there remains a non-trivial level of uncertainty and investigator discretion when 
utilizing even the more well described definitions. Thus, when disseminating results 
of a nursery survey, we must not only include the definition used to outline a habitat 
as nursery ground, but also any more site-specific methods and criteria restrictions, 
such as specifications of habitat type surveyed, used within the region studied.  
Previous methods of abundance surveying using gill-net techniques, while 
comparable with new measurements as captured through values of rank correlation, 
were significantly underestimating relative abundance compared to the application of 
drone surveys within this environment. Abundance measurements at the site-specific 
and island-wide level were consistently higher when using drone technology across 
all surveyed months with the exception of only a handful of target areas. We were 
not only capable of sampling juvenile blacktip shark abundances and densities, but 
also able to decrease underestimations of relative abundance by employing a semi-
standardized and repeatable drone flight transect that all but eliminated many of the 
biases affecting traditional methods. Drone count values seem to indicate less under 
counting bias than gill-net capture.  Additionally, determination of juvenile shark 
nurseries using the gill-net method may not have accurately labeled these areas due 
to an overall lower abundance captured. This underestimate became readily obvious 
when compared with drone surveys, thus we conclude that previous literature could 
not simply assume that the mere presence of sharks in these locations was enough 
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to label them as potential nursery grounds (Heupel, Carlson, & Simpfendorfer, 2007; 
Llerena et al., 2015; Heupel et al., 2018).  
When comparing these locations to environmentally similar habitats around 
the island, it is likely that at least one site previously labeled as a potential nursery 
ground is, in fact not, based on density values obtained from this study and those 
listed in previous literature (Table 10). This indicates the possibility that previous 
literature on the categorization of nursery areas did not properly follow all steps 
indicated by the nursery definition that the claimed to have used (Heupel, Carlson & 
Simpfendorfer, 2007). We want to stress that this does not necessarily indicate that 
the site is unimportant for juvenile health and survival, but rather possibly a segment 
of a larger mosaic within a seascape nursery (Nagelkerken et al., 2015).  
While drone surveys were able to better capture abundance values than gill-
net surveys, they also had higher spatial resolution, demanded less time in the field, 
and increased surveyed area by more than double that of previous studies (Llerena 
et al., 2015). Despite this, the gill-net method likely performs better than drone 
surveys in areas with high amounts of turbidity. Additionally, the drone method 
cannot reliably be utilized during periods of high wind gusts, rain, or night surveying. 
This means that method choice must be dependent on the environment surveyed 
and the capabilities of the research team.  
But, these surveys were easily repeatable, with spatially explicit tracks, and 
video footage that acts as a historical density marker that can be re-accessed and 
analyzed by multiple different subjects. The product from gill-net surveying does not 
allow for this type of re-analysis. Drone surveys were also able to capture and 
identify 3 separate shark species and multiple other marine megafauna in all 
locations while traditional surveys were only capable of measuring abundance of 
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juvenile blacktip sharks. The capability of surveying multiple species at once has 
both management implications and the potential to support research into communal 
nursery use through studies on multi-dimensional species niches (Vinagre et al., 
2005, Kinney & Simpfendorfer, 2009). Thus, incorporating drones into fieldwork has 
the potential to streamline abundance surveying in coastal habitats around the GMR 
and provide potential for research expansion into many other ecological questions. 
Table 10: Categorization of juvenile habitats based on previous literature and this 
study (nursery ground = NG; potential nursery ground = PNG; insufficient data = ID, 
not identified as rearing area = NI; not described = ND). Abundance in this study an 
average of 3 independent counts (n=3). All sites included in the Extractive Use or 
Fishing subzone.   
 



















Cerro Brujo 2 0 NI 6 0 NI 
Manglecito 0 - ND 6 57.67 PNG 
Puerto Grande 5 29 NG 7 162 NG 
*Rosa Blanca 1 1 0 ID 8 56 PNG 
La Tortuga 4 9 PNG 5 19 NI 
*La Seca 4 14 NG 5 86 NG 
Rosa Blanca 2 0 - ND 7 19 NI 
 
Of the 14 sites sampled, 4 had particularly high abundances across multiple 
(≥ 3) months (Fig. 23). While these measurements of high abundance were not 
always sequential, the consistency of these count values set these sites apart. 
Puerto Grande and La Seca (La Seca previously referred to as Manglecito in other 
literature), had consistently high abundances of juvenile sharks during what we 
believe to be the pupping season (Llerena et al., 2015). Rosa Blanca 1 may be an 
important nursery area, as it was the only site to have a consistent abundance of 
sharks across the majority of sampled months. Additionally, we were able to capture 
high abundances at Manglecito during the end of pupping season. We used this as 
an indication of satisfying criterion 2 (Heupel, Carlson & Simpfendorfer, 2007). This 
trend has been captured over multiple years, but not to the level at which we were 
able to capture using this new surveying technique.  
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These high abundances were quantified in multiple analyses and satisfied the 
first and second criteria of Heupel, Carlson & Simpfendorfer’s (2007) nursery 
definition. Sites particularly important for shark abundance were not only readily 
obvious in the descriptive statistics, but also within delta density analysis (Fig. 21) 
and overall site density versus average density graphical interpretations (Fig. 23). 
Two of these sites were previously labeled as nursery areas, while others were 
unstudied or insufficiently studied (Table 10). Those sites previously labeled nursery 
grounds should continue to be classified as such, while specific attention should be 
paid to the two previously unstudied areas in order to determine whether they satisfy 
all Heupel, Carlson & Simpfendorfer’s (2007) criteria.  
Only the four sites with significantly higher abundance satisfied the first two 
criteria proposed by Heupel, Carlson & Simpfendorfer (2007) methodology and could 
have also been quantified as essential juvenile habitat using previous definitions 
(Table 1). No studied site fit the nursery role under the definition provided by 
Nagelkerken et al. (2015), but this is likely due to the multiple other methods 
necessary to capture a larger mosaic of nursery ground not solely dependent on 
abundance and residency. Based on this work, La Tortuga (LT) may be classified as 
a nursery area by earlier definitions, but does not fit the one used for this analysis. 
This further reiterates the importance of definition choice on how we outline nursery 
areas. 
Despite drone capability for capturing a higher abundance compared to 
previous methods, this particular type of survey is still biased by environmental 
factors encountered. Additionally, relative shark abundance is also affected by these 
biotic and abiotic variables. Thus, we must recognize that all density and abundance 
values captured are still relative and not an actual representation of population size 
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and structure. Because all analysis of environmental variable influence on 
abundance was preliminary, we cannot say with certainty that parameters with high 
RVI are the only or most substantial variables to affect abundance. Of the 20 
environmental variables measured, 5 seem to have a larger effect on abundance 
values; whether by influencing shark habitat preference or perceived abundance in 
drone footage. While we postulated that an increase in phytoplankton densities may 
translate up the food web to an increase in juvenile shark abundance, we were 
unable to find any significance in this idea within our models, though this does not 
mean that this variable does not play an ecologically important role within these 
systems. It is likely that we are simply unable to capture movement of energy up the 
trophic scale to the juvenile sharks from this measurement or a different measure of 
productivity could be more telling of interactions within these areas.   
 These influential environmental variables were broken into two categories; 
those variables affecting where we see sharks and those variables affecting when 
we see sharks. Variables affecting where we see sharks also likely influence the 
reliability of relative abundance captured by drone footage.  
Best performing models on average explained 40% of variance in abundance 
patterns only accounting for marginal effects. This indicates that while we were 
capable of explaining some of the influencers on juvenile shark habitat preference 
and perceived abundance, we did not have the statistical power to increase the 
amount of variance explained by the model and random effects can likely account for 
a non-insignificant amount of the variance. But, this also indicates that variables 
included in final models are unlikely to have issues of colinearly when analyzing 
correlation coefficients (R). When we included random effect of location, we were 
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able to account for the majority of the model variance (Table 8), further reiterating 
the importance of site preference for juvenile blacktip sharks around the island.  
In general, higher abundance of juvenile blacktip sharks was found and 
predicted to be in mangrove fringed bays, though this was not the only delimiting 
factor for shark presence. It has been hypothesized that sharks in mangrove lined 
shallow-water nurseries may benefit from predator avoidance in these areas due to 
depth limits for larger predators and inability to enter mangrove prop roots (Morrissey 
& Gruber, 1993; Yates et al., 2015). Thus, these areas may be useful as a defense 
mechanism against predation. Although we did not measure distance from 
mangrove-lined shore, previous works further bolster the relevance of mangrove 
fringed bays and potential nursery habitat (Morrissey & Gruber, 1993; Llerena et al., 
2015; Yates et al., 2015). 
 While mangrove presence did positively influence shark abundance, not all 
sites with mangrove had a higher juvenile presence and multiple random sites with 
mangrove fringed coastline had no sharks present at all. This indicates the likelihood 
of interactions between multiple environmental effects influencing habitat preference.  
Because of the preliminary nature of this research, interactions of 
environmental variables were not tested due to low statistical power and concerns of 
overfitting. Furthermore, we were unable to determine a significant interaction 
between shark abundance and bottom matrix using a model until site-specific 
analysis was done. But, when analyzed at this level, we determined a relatively 
strong preference for areas with sandy bottom substrate, even within habitats 
comprised mainly of lava rock. Thus, we were able to reject the null hypothesis that 
matrix preference did not differ substantially from prevailing substrate. This highlights 
the importance of small-scale habitat heterogeneity found within each of the study 
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locations and leaves the door open for future reports of small-scale niche preference 
within these juvenile habitats.  
Although we captured this overall preference of sandy matrix by juvenile 
sharks at the site level, this specific mosaic may likely be contributing to the 
significant negative effect of clarity on perceived abundance. The preference for 
sandy substrate may also be another predator avoidance tactic, as water turbidity 
can be easier influenced within these small sandy mosaics to obfuscate juvenile 
shark presence (Heupel & Hueter, 2002; Stoner 2004; Yates et al., 2015). We would 
thus expect to find juvenile sharks more often in small habitats with a sandy bottom 
matrix, but the potential for undercounting increases, as clarity in these areas is 
more easily disturbed. Nevertheless, because coastal habitats around San Cristobal 
Island tend to be generally oligotrophic, this overall decrease in clarity never 
obscured more than 25% of the area surveyed at any given time (Table 13). 
Additionally, due to the non-static nature of turbidity, clarity measurements are likely 
not an accurate depiction of effect of turbidity across the entire surveyed area. These 
variables did contribute to where we expected to find higher abundances of juvenile 
sharks.  
While other environmental variables such as area available after removal of 
glare and sea state seemed to be included in the final averaged model, insinuating 
an interaction between these parameters and perceived abundance values, their RVI 
was not as significant as the value we obtained from a parameter measure of clarity. 
Though, interestingly, we observed the same relationship detected by Benavides, 
Fodrie & Johnston (2019) which indicated higher abundance counts during times 
with higher sun glitter and glare. Thus, we expect that an increase in available 
sunlight will also lead to an increase in ability to identify juvenile sharks in the target 
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habitat. Additionally, the effect of person on abundance count was included within all 
models, but was not found to be of great significance to overall abundance captured. 
We assumed that an increase in persons contributing to individual independent 
counts would likely continue to decrease the significance of this variable. For this 
reason, it was not included in the RVI graphical interpretation (Fig. 24). 
The significant effect of day of year and time of day indicate the presence of 
seasonal and daily preferences for higher abundances. Thus, we can expect the 
peak of juvenile pupping season to align with peaks in abundances in this research. 
These parameters elucidate trends on when we expect to see higher abundances of 
juvenile blacktip sharks. Previous assumptions indicated that juvenile shark 
presence is higher in the early morning, as this time may be advantageous for 
hunting and feeding (Heupel & Simpfendorfer, 2005; Nagelkerken, 2009). We 
observed this higher abundance during the early morning hours with a tapering off of 
counts as the day progressed during this survey. This does not necessarily mean 
that these sharks are leaving the protected bay area, but rather indicates a move to 
deeper waters or areas not surveyed likely within the bay later in the day. A study 
utilizing acoustic monitoring would better clarify daily movement patterns of these 
sharks and has been conducted in one target site during abundance surveys.  
Kernel density maps begin the process of defining explicit habitat preference 
within surveyed sites (Fig. 26). While still a snapshot of shark movement within each 
site, we can begin the process of delimiting the smaller-scale habitats most important 
for juvenile blacktip abundance. Higher densities within maps allowed for substrate 
preference confirmation, as these areas showcased sandy shallow microhabitats 
within the entire targeted area. Additionally, density maps indicated areas necessary 
for target with for continued studies, as previous work using gill-nets were likely not 
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focusing within site hot-spots of juvenile abundance. We suspect that continued 
monitoring using drone technology will reveal movement corridors of these juvenile 
sharks at the small-scale habitat level.   
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CHAPTER 3: SUMMARY 
3.1 Conclusion  
 Accurate estimates of juvenile blacktip shark abundance depend on multiple 
factors that can significantly influence how we treat an area in conservation 
management. Because many nursery definitions depend on abundance 
measurements, it is imperative that estimates are as close to actual abundance 
values as possible. Thus, the method for which abundance is measured and the 
environmental conditions found in the target areas are integral to obtaining more 
accurate results. In the GMR, we have found that under the guidelines of Heupel, 
Carlson & Simpfendorfer’s (2007) definition of a nursery ground, drones are able to 
decrease the level at which we underestimate abundance and begin the process of 
delimiting these areas as valuable habitat. Previous attempts to understand 
abundance patterns of this species have not correctly utilized the definition employed 
and thus changes in classification and methodology are necessary (Llerena et al., 
2015). As drone technology continues to improve, our capability to monitor species 
abundance in the marine environment will progress. The environmental variables 
encountered during surveying such as water clarity, day of year, and mangrove 
availability play a large role into capturing an abundance value with this drone 
technology but we still do not completely understand the drivers influencing habitat 
choice for these sharks. Thus, a switch to drone reliant abundance surveys may 
better inform conservation outcomes – both spatially and temporally – than previous 
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methods employed in the GMR. But, these outcomes do not come without limitations 
created by the environmental state encountered. 
3.2 Future Implications & Management Strategies  
 While drone abundance surveys may not be reliable or even feasible for 
different environmental conditions and habitats, we recommend that all current and 
new abundance surveying for conservation management in the GMR be done using 
this technology. Furthermore, in the case of potential nursery grounds around the 
island of San Cristobal, we recommend specific conservation focus on four main 
habitats (Rosa Blanca 1, Puerto Grande, La Seca, and Manglecito). These areas 
likely need further study and seasonal fishing moratoriums during peak pupping 









APPENDIX: TABLES OF DATA FINDINGS 
 Table 11: Total shark abundance from drone surveys across both monthly and random sites. The red line divides monthly sites from 
random sites where only drone surveys were performed. Grey squares represent absence of monthly data for a particular site. Cerro 
Brujo was considered a constant site across all months and all random sites were considered non-juvenile habitats due to low or no 
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Table 12: Summary of abundance values for drone-based surveys of blacktip sharks 
around San Cristobal Island compared to CPUE of gill-net catches. Total abundance 
values reported were obtained from a mean of 3 independent researcher counts (n = 
3) for all surveys. CPUE for gill-net was calculated as a value of number of juvenile 
blacktip sharks per hour of net soak time.  
 
Table 13: Raw data of drone and gill-net captures of juvenile blacktip sharks. Date 
(dd/mm/yyyy), location, shark density (sharks/km2), number of sharks (abundance 
with n=3 independent video counts), gill-net CPUE value (sharks caught per hour), 
flight area (km2), and clarity coefficient (sechi disk depth (m)/total depth (m)). No gill-
net surveys were performed at random survey sites thus CPUE values are denoted 
as -. Any other missing values are denoted as -. 
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Table 14: Total abundance across present shark species in drone footage for all 














Puerto Grande 162 1 0 0 0 0 163 
 
Rosa Blanca 1 56 0 0 0 0 27 
 
83 
Rosa Blanca 2 19 0 0 0 0 59 
 
78 
La Tortuga 19 0 0 0 0 4 
 
23 
Cerro Brujo 0 0 6.5 0 0 52.5 
 
59 
La Seca 86 0 0 16.5 0 3 
 
105.5 









Table 15: Field data sheet for juvenile shark catches using the gill-net. Catch time, total length (TL), fork length (FL), (SL), interdorsal 
length (IL), Girth, lateral length, frontal length, proximal length, caudal keel, sex, weight, tag ID, genetic sample ID, radioisotope 
sample ID, release time, blood sample taken, and observations recorded for each catch. Each location had a recorded date, GPS 






Table 16: Field data sheet for drone surveys. Air temperature (°C) sea state 
(Beaufort scale), drone height (m), average salinity (PSU), average conductivity 
(𝜇S/cm), average water temperature (°C), average pressure (dbar), cloud cover (%), 
sun glitter/glare (%), tidal cycle (low-high), sharks caught on footage, and bottom 
makeup were taken at each site. Net survey information identical to that found on the 
gill-net field data sheet. 
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